Refuse decomposition in landfills is a microbially mediated process that occurs primarily under anaerobic conditions. Because of limited moisture conditions, hydraulic transport as a means of cellular translocation within the landfill appears limited, especially during the initial stages of decomposition. Thus, microbial communities within the incoming refuse serve as a primary source of facultative and obligate anaerobic microorganisms that initiate refuse decomposition. Fresh residential refuse was collected five times over 26 months, and microbial communities in these samples were compared with those in individual refuse components and decomposed refuse. Bacterial and archaeal community structures were determined using T-RFLP. The Bacterial microbial community richness was correlated (r 2 = 0.91) with seasonal differences in ambient air temperature. Analysis of the results shows that fresh refuse is most likely not the source of methanogens in landfills. Microbial communities in the solid and leachate phases were different, indicating that both matrices must be considered when characterizing microbial diversity within a landfill.
Introduction
Landfills are a primary means of solid waste disposal globally and are the disposal methods for roughly 55% of solid waste in the U.S. (USEPA, 2007) . In addition, landfills are a sink for sequestered carbon (Barlaz, 1998; Staley & Barlaz, 2009 ) and the second largest source of anthropogenic methane globally (Denman et al., 2007) . Despite their importance as an anaerobic ecosystem, little is known about the microbial communities from separate waste streams that enter landfills, and how these communities may potentially impact community structure in landfills.
The composition of the microbial community in the incoming waste is important as microbial transport within the landfill is limited by the lack of moisture movement in freshly buried waste. This is because most conventional landfills in developed countries are designed to minimize moisture infiltration (e.g. rainfall and runoff) and have an initial moisture content of 15-20% (wet weight basis), which is well below field capacity. Refuse is typically compacted to a density of roughly 800 kg m À3 during burial and recently placed, well-compacted waste can have a hydraulic conductivity ranging from 5.4 9 10 À6 to 6.1 9 10 À5 cm s À1 (Jain et al., 2006) . In addition, preferential flow paths can be present that divert moisture away from large volumes of waste. It is widely accepted that nonairborne transport of microorganisms is largely facilitated by macroscopic and microscopic liquid and/or particulate movement (Gammack et al., 1992; McLoed et al., 2008) . However, the nonuniform, limited moisture condition and restrictive hydraulic conductivity in a landfill likely impede microbial translocation within the compacted refuse. Thus, bacterial and archaeal populations in 'fresh' refuse discarded to a conventional landfill may be largely responsible for degradative activity within a spatially localized area. Conditions during refuse collection are aerobic, whereas conditions within the landfill are largely anaerobic, suggesting that microorganisms contributing to decomposition must either be facultative or be able to survive aerobic conditions during collection and transport to the landfill. This is important as methanogenic Archaea are critical to the anaerobic food web and are obligate anaerobes. Putative sources of methanogens in disposed waste include pet/human feces, wastewater treatment plant biosolids, and soil. It is surmised that similarities between fresh refuse and anaerobically decomposed refuse would include the microbial populations retained after toxic conditions dissipate and exclude obligate aerobes or facultative microorganisms unable to compete in a landfill setting.
The first objective of this study was to compare bacterial and archaeal communities in fresh residential refuse to the communities in the dominant biodegradable waste components (i.e. food waste, grass, branches, leaves, and paper) and in degraded refuse. The second objective was to assess temporal variation in microbial compositions in refuse collected at different times. As hydraulic transport of microorganisms within a conventional landfill is limited and nonuniform, it is useful to assess whether microbial populations transported by the liquid fraction (leachate) are similar to those in the solids. Thus, a third objective was to compare the microbial community in decomposed solids to the corresponding leachate fraction. Results from this study will help determine which individual waste components carry microorganisms suited to anaerobic conditions and provide better understanding of the initiation of anaerobic refuse decomposition.
Materials and methods

Sample collection
Refuse samples were taken five times over a 26-month period to evaluate seasonal differences in microbial community composition (June 2005 , January 2006 , May 2006 , November 2006 , and August 2007 . Each refuse sample was obtained from a residential area waste collection vehicle at the Holly Springs (NC) Transfer Station. The refuse was shredded the same day in a slow speed, high torque shredder to a maximum particle size of approximately 2 9 6 cm. After shredding, refuse was mixed on a clean plastic sheet using hand tools, and approximately 6000 cm 3 subsamples were obtained for analysis and then stored at À20°C until processing.
Food waste, branches, grass, leaves, newspaper, and office paper were sampled individually in May-June 2006. Food waste was collected from a residential kitchen over several weeks in 2006. Samples were frozen immediately at À20°C. Grass was collected immediately after cutting from a residential lawn. Dead branches and fallen leaves were collected from a landscaped residential/commercial area. Newspaper and office paper were collected from recycling bins on the NC State University campus. Branches were cut into 6-cm-long fragments. Newspaper and office paper were cut 2 9 6 cm strips. All refuse and individual component samples were frozen at À20°C until samples could be processed.
To generate decomposed refuse, mixed waste from the transfer station was collected during the 5 January 2006 sampling event to fill a 208-L anaerobic reactor. The reactor was maintained at 37°C and operated with leachate recycle and neutralization to accelerate decomposition, as described previously (Staley et al., 2006) . Gas was collected in tedlar gas bags (PMC, Inc., Oak Park, IL), and volume was measured by evacuation into a container of known volume (Sanin et al., 2000) . CH 4 , CO 2 , O 2 , and N 2 were analyzed using a GOW-MAC 580 gas chromatograph with a thermal conductivity detector (Price et al., 2003) . Duplicate samples (50 g) were removed from reactors during the accelerated methane and decelerated methane (also referred to as well decomposed) phases of decomposition (Barlaz et al., 1989a, b) . For accelerated methane phase sampling, refuse was removed when CH 4 in the biogas reached 50% and while the gas production rate was increasing exponentially (~31 days after reactor initiation). The CH 4 production rate at the time of sampling was 0.76 mL day À1 per dry g refuse. For the welldecomposed phase, refuse was degraded for 6 months and the CH 4 production rate at the time of sampling was 0.004 mL day À1 per dry g refuse.
To compare microbial communities in the solid fraction of refuse with leachate, fresh refuse collected on 18 November 2006 was anaerobically decomposed as described previously except that a 10-L reactor was used. The reactor was filled until approximately 4 cm of headspace remained for gas collection, and 2 L of methanogenic leachate from decomposing refuse was added as an inoculum. Refuse in the reactor was mixed by shaking and inverting every 2-3 days during the course of decomposition. Duplicate solid samples (~50 g) and leachate (~30 mL) were removed simultaneously at four time periods representing the four distinct phases of decomposition: acid, accelerating CH 4 , decelerating CH 4 , and stabilized (Barlaz et al., 1989a, b) . The term 'stabilized' as used here refers to material sampled at the end of reactor operation when no gas production had occurred for 20 days, but reactor headspace conditions were still anaerobic. Leachate samples were collected from a sampling port near the reactor bottom as described previously (Price et al., 2003) . Samples were frozen immediately and stored at À20°C.
Sample processing and DNA extraction
Samples were thawed to approximately 4°C, and DNA was extracted as previously described for solid waste samples (Staley et al., 2011) . Briefly, 50 g samples were combined with 250 mL chilled 23.7 mM PO 4 buffer at pH ) and homogenized in a sterile Waring blender (Torrington, CT) for 1 min. The blended mixture was poured into a 3.8 L 75-lm nylon paint strainer bag (Trima Co.) and hand-squeezed. Supernatant was collected in a 1.9-L sterile plastic container, transferred to sterile 50-mL tubes and centrifuged at 3220 g for 5 min. Supernatant was decanted, and pellets were combined into a single tube. Residual in emptied tubes was suspended with sterile deionized (DI) water, combined with the pellet, and centrifuged for 5 min at 3220 g. The resulting combined pellet was well mixed by hand using a sterile spatula and used for DNA extraction. DNA was extracted using the MoBio PowerSoil kit (Carlsbad, CA) following the manufacturer's protocol. Extracted DNA was quantified via spectrophotometry using a NanoDrop 1000 (Thermo Scientific, Wilmington, DE) with a lower detection limit of 2 ng DNA lL
À1
.
PCR conditions
PCR was performed using 25 lL of FailSafe PCR system reaction mix F (Epicentre, Madison, WI), 0.6 lL FailSafe enzyme mix (Epicentre), 0.25 lM of each primer, 5 ng DNA, and sterile pure water added to a total volume of 50 lL. The primers used for terminal restriction fragment polymorphism (T-RFLP) and cloning were 8f/1492r (Klappenbach et al., 2000) and 109f/915r (Miller & Wolin, 1986) for Bacteria and Archaea, respectively, and targeted the 16S rRNA gene. Forward primers used for T-RFLP were labeled at the 5′ end with 6-carboxyfluorescein (6-FAM) for T-RFLP analysis. PCR products were run on a 1% agarose gel to verify amplification.
PCR was performed in an Eppendorf thermocycler using a previously optimized program as follows: initial denaturing step at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 1 min, annealing at 56°C for 1 min, extension at 72°C for 1.5 min, and final extension at 72°C for 10 min. Duplicate PCRs were pooled, and DNA was purified using a Wizard SV Gel and PCR Clean-Up kit (Promega, Madison, WI).
T-RFLP analysis
Purified PCR products were quantified by spectrophotometry, and 360 ng was digested with the restriction endonuclease AluI (New England Biolabs, Ipswich, MA). Restriction digestion was performed for 4 h using 20-lL reactions containing: 10 U restriction enzyme, 2 lL 109 buffer, 360 ng PCR product, and DI water. Terminal restriction fragments were analyzed by capillary electrophoresis either at the Michigan State University Research Technology Support Facility (Bacteria) or at the NC State University Genome Sciences Laboratory (Archaea). T-RFLP profiles were analyzed using PEAKSCANNER software (Applied Biosystems) and numerical output from each fragment pattern was exported to Microsoft Excel. Terminal restriction fragment (T-RF) areas were standardized using an automated algorithm to eliminate noise and identify true peaks (Abdo et al., 2006) . The following parameters were used as recommended by the algorithm developers: a minimum peak height of 15 RFU, standard deviation from the baseline of 3, and a bin size of ±1 bp. Phylogeny was inferred by comparing measured T-RF lengths to those from in silico digests of clone sequences from the same decomposed municipal solid waste (MSW) used to compare solids and leachate, using the Phylogenetic Assignment Tool (PAT; Kent et al., 2003) .
Statistical and phylogenetic analyses
Principal component analysis (PCA) of microbial community structure was performed using COMMUNITY ANALYSIS PACKAGE version 4.0 (Pisces Conservation Ltd, Lymington, UK). PCA took into account both presence/absence of peaks, as well as relative abundances, as indicated by peak heights. The Jaccard index and T-RF richness were computed using SPECIES DIVERSITY AND RICHNESS version 4.0 (Pisces Conservation Ltd).
Chemical analyses
Moisture content was measured by drying to a constant weight at 105°C. pH was measured using a glass combination electrode (Fisher Scientific, Pittsburgh, PA) by suspending solids in 10 mL DI water and mixing or directly for leachate. Cellulose, hemicellulose, lignin, and volatile solids were analyzed as described previously (Mehta et al., 2002) . Volatile fatty acid (VFA) concentrations were measured from the leachate or liquid suspension from the solids using solid-phase microextraction (SPME) followed by GC-MS as described previously (Sadri, 2007) . Lower quantitation limits for acetic, propionic, i-butyric, butyric, i-valeric, and valeric acids were 21, 20, 2, 19, 2, and 5 mg L
À1
, respectively.
Results
Chemical analyses
Moisture content, pH, cellulose, hemicellulose, and lignin for fresh refuse, individual waste components and decomposed solids and leachate are given in Table 1 . The moisture content varied widely among the individual waste components, ranging from 2.1% in office paper to 82.4% in food waste. pH also was variable and ranged from 4.3 in leaves to 9.9 in office paper. The elevated pH in office paper is likely attributable to the presence of calcium carbonate that is routinely used as a filler. Because of the addition of leachate, the moisture content for decomposed refuse was expectedly higher, at 64% in the accelerated CH 4 phase and 83% for well-decomposed refuse.
Cellulose and hemicellulose are the major biodegradable components of refuse, while lignin is essentially recalcitrant under anaerobic conditions and limits access to cellulose and hemicellulose (Colberg, 1988; Barlaz et al., 1990) . The cellulose, hemicellulose, and lignin content were reasonably consistent in fresh refuse and averaged 47 ± 5%, 10 ± 1%, and 14 ± 2%, respectively. For individual components, leaves had the lowest cellulose content (15.7%), but the highest lignin (41.1%). Conversely, office paper was highest in cellulose (70.7%) but lowest in lignin (0.9%). The low lignin content of office paper is because it is manufactured from chemical pulp in which the lignin is removed. Decomposed refuse exhibited decreasing cellulose content and lignin enrichment as decomposition advanced from the accelerated CH 4 to well-decomposed phase (Table 1) .
With the exception of food waste, VFAs were low in fresh refuse and individual components compared with decomposed accelerated CH 4 refuse ( Table 2) . This is expected given that most fresh waste materials experience aerobic conditions, while acid production is primarily a function of anaerobic fermentation. Acetic acid concentrations were typically highest followed by butyric and propionic acids, which was similar to the trend observed by Barlaz et al. (1989a, b) .
The leachate and solid refuse fraction pH was comparable in the acid and stabilized phases of decomposition (Table 1) . During the accelerated and decelerated CH 4 phases, the pH in the solids was 0.5 and 1.5 units lower compared with the leachate. VFAs in solids and leachate were compared by computing the total mass for each acid for the entire reactor. Results showed VFA masses were similar with the exception of acetic acid in the acid phase, which was roughly 1.7 times higher in the solids vs. leachate (data not shown). 
MSW and T-RFLP of individual refuse components
The distinct T-RFs for the different samples are shown in Table 3 . T-RFLP results were compared using PCA, the Jaccard index, and T-RF richness. PCA analysis for bacterial community structure showed the fresh refuse samples clustered together (Fig. 1) . Roughly 55 ± 18% of T-RFs was shared among fresh refuse samples. Food waste and, to a lesser extent, decomposed refuse in the accelerated (%)  66bp  3  3  11  69bp  15  21  26  24  12  6  7  2  83bp  1  13  1  122bp  6  14  14  2  5  2  193bp  14  209bp  2  2  1  2  17  217bp  18  1  221bp  1  15  6  232bp  4  17  16  21  3  3  3  239bp  1  11  7  3  1  262bp  12  9  5  3  282bp  3  1 1  452bp  4  10  5  5  1  Total  63  62  57  66  34  35  43  29 Microbial community demographics in mixed refuse CH 4 phase also clustered with fresh refuse (Fig. 1) . Despite this clustering, Jaccard similarity was relatively low (0.33 ± 0.10) between fresh refuse samples. Food had the highest percentage of bacterial T-RFs in common with fresh refuse samples (50 ± 12%) as compared to grass (26 ± 3%), branches (15 ± 3%), or leaves (26 ± 5%). Branches and leaves had markedly different community structure compared with other fresh materials (i.e. refuse, food, and grass) (Fig. 1) . Data also showed that the bacterial community in fresh refuse was not similar to decomposed refuse. Fresh refuse T-RFs in common with decomposed refuse decreased as refuse became more degraded with 40 ± 7% being shared in accelerated CH 4 and only 28 ± 6% shared in well-decomposed refuse.
T-RFLP results for Archaea showed significant variation in community structure with the exception of decomposed accelerated CH 4 and well-decomposed MSW, which clustered together (Fig. 2) . The fraction of T-RFs in common between fresh and decomposed samples was approximately 20%. On the other hand, 64% of T-RFs were shared between accelerated CH 4 and well-decomposed refuse. The August 14 and May 5 fresh refuse samples exhibited a weak correlation with the methanogenic decomposed MSW samples for Archaea (Fig. 2) .
Microbial community demographics in MSW solids vs. leachate T-RFLP statistics comparing MSW solids vs. leachate are shown in Table 4 . Percent differences in bacterial richness (number of T-RFs) between solids and leachate in the acid phase, accelerated CH 4 phase, and stabilized refuse were 3%, 30%, and 12%, respectively (data for the decelerated CH 4 phase are not shown because of problems with DNA extraction from these samples). Except for the acid phase, bacterial richness was higher in the solids. A larger disparity was observed for Archaea, which had richness differences of 35%, 47%, 47%, and 69% for acid, accelerated CH 4 , decelerated CH 4 , and stabilized refuse, respectively. Archaeal T-RF richness was higher in the leachate except during the acid phase (Table 4) .
Jaccard similarity between solids and leachate, averaged for all decomposition phases, was 0.34 ± 0.10 for Bacteria and 0.37 ± 0.07 for Archaea, indicating community structure was different in both domains (Table 4) . Relative abundances of individual bacterial T-RFs were variable, and no trends were apparent. For Archaea, the two most dominant T-RFs had lengths of 430 and 471 bp and represented 85 ± 7% of the sample relative abundance, except for acid-phase solids, which was 24% (Table 4) . In silico digests of clone sequences from this reactor (data not shown) indicate these T-RFs, 430 and 471 bp, are from the Methanomicrobiales and Methanosarcinales orders, respectively. Relative abundances for the 430 bp T-RF were 3-50 times higher in leachate in all but the acid phase. On the other hand, the 471 bp T-RF had relative abundances that were 1.4-14 times lower in leachate compared with the solids, except in the acid phase, which had relative abundances of 23% and 85% in solids and leachate, respectively. sercc.com). Bacterial richness was highly correlated with seasonal temperature during the months refuse was sampled ( Fig. 3) , suggesting that ambient air temperature and/or waste composition that correlates with season (e.g. yard waste) is a dominant factor(s) shaping microbial community structure in fresh refuse prior to landfilling. Other parameters (i.e. lignin, pH, and moisture content) had little apparent effect on the number of bacterial T-RFs in refuse (r 2 < 0.14). No trends were observed for Archaea based on collection time (Fig. 3) , an expected result given that their presence in fresh MSW appears to vary.
Discussion
Microbial communities in refuse transported to and placed in a landfill represent the initial populations present and no doubt play a role in subsequent refuse degradation given the limited potential for microbial translocation during the initial stages of decomposition. While chemical analyses of individual components showed wide variation in moisture content, pH, cellulose, and lignin, these parameters were more consistent in mixed fresh refuse. Moisture content was relatively low in fresh mixed refuse (31-52%), although not as low as the 20% measured in previous work (Mehta et al., 2002) .
It is well known that low moisture conditions limit microbial activity once refuse has been landfilled (Barlaz et al., 1990) . In the absence of additional moisture inputs, the low moisture content in fresh refuse materials ( Table 1) likely influence the initial stages of refuse decomposition in the form of extended lag times to CH 4 initiation and low gas production rates. Although bacterial community structure between fresh refuse samples clustered together in the PCA analysis (Fig. 1) , overall Jaccard similarity was low (0.33 ± 0.10). However, when compared to grass, branches, and leaves, the average Jaccard similarity was 0.14 ± 0.04, which shows that even though refuse samples were different from one another, their bacterial communities were more dissimilar to those in individual refuse components. Of individual components, food waste had the most T-RFs in common with fresh mixed refuse (50 ± 12%), suggesting that food waste content is one of the primary contributors to bacterial community composition in mixed refuse. The similarity between bacterial communities in branches and leaves is likely related to their originating from similar wooded ecosystems and unique composition. For example, the lignin content in branches and leaves was most similar and 1.5-40 times higher than that in the other individual refuse components.
When compared to decomposing refuse, 40 ± 7% of shared T-RFs in fresh refuse persisted under anaerobic conditions in the accelerated CH 4 phase. By the time refuse was well decomposed, only 28 ± 6% of T-RFs in the fresh refuse remained. This suggests that the fraction of microbial phylotypes in fresh refuse that persevere under anaerobic conditions may be nearly one-third of that in the initial population.
Results showed a divergence between microbial demographics in MSW solids vs. leachate. In addition to low Jaccard similarity, bacterial T-RFs that were shared between solids and leachate exhibited variation in relative abundance between the two matrices. This suggests that distinct groups of Bacteria populate solids or leachate preferentially, an observation verified by Burrell et al. (2004) , who showed that cellulolytic bacteria attached to solid particulates, while other bacteria that consumed primarily dissolved substrates were less likely to attach.
Except for acid-phase solids, over 85% of archaeal relative abundance was from two T-RFs representing the Methanomicrobiales (430 bp) and Methanosarcinales (471 bp) orders. During active methane production, relative abundances for the 430 bp T-RF were markedly higher in leachate vs. solids, while the opposite was true for the 471 bp T-RF (Table 3 ). The Methanomicrobiales order is strictly hydrogenotrophic and must be in close association with hydrogen-producing bacteria for interspecies hydrogen transfer; on the other hand, Methanosarcinales can utilize a wider array of substrates including acetate (Kendall & Boone, 2006) . It is well known that syntrophic bacteria metabolize fatty acids, and many species are known to be motile, suggesting they are less likely to preferentially attach to particulate matter (McInerney et al., 2008) . Therefore, we surmise that the higher abundances of putative hydrogenotrophic Methanomicrobiales in leachate are likely due to a larger fraction of syntrophs in the leachate.
These results show that there is stratification of microbial groups into solids or leachate. Thus, the assessment of microbial community structure using either MSW solids or leachate alone does not fully characterize microbial community structure in decomposing refuse and both must be considered. This has implications for field-scale monitoring as most prior assessments of landfill microbiology have been made using leachate.
